The reduction mechanism of threading dislocation at the interface of InGaN/low-temperature GaN (LT-GaN) layers was investigated by atomic force microscopy, transmission electron microscopy and secondary ion mass spectroscopy measurements. Introducing the LT-GaN intermediate layer onto the InGaN active layer not only prevented indium evaporation during the growth of the p-GaN layer but also suppressed the propagation of threading dislocations from InGaN to p-GaN. The propagation of threading dislocations is reduced by the formation of two-dimensional lateral islands, and further defect generation is prevented by the formation of In x Ga 1Àx N alloy due to the relaxation of lattice mismatch between active InGaN and p-GaN.
Introduction
III-V nitride wide band-gap semiconductors and their alloys have received much attention since the realization of compact blue-light emitting sources. In x Ga 1Àx N has been regarded as a promising alloy for an active layer for blue emission because its band gap varies from 2.0 to 3.4 eV depending on the In mole fraction. Indeed, recently, highbrightness blue-light emitting diodes and laser diodes employing InGaN as an active layer have been demonstrated. [1] [2] [3] [4] The growth of In x Ga 1Àx N at temperatures above 1000 C suffers from indium evaporation due to its high volatility 5) and nitrogen deficiency in the crystal resulting in poor crystalline quality. 6) For example, high-quality InGaN layers with In compositions higher than 25% are difficult to grow by conventional metal organic chemical vapor deposition (MOCVD) growth methods. 7) From the viewpoint of crystal quality of InGaN, a high growth temperature is needed. However, it is very difficult to obtain a high In mole fraction in the InGaN layer at this high growth temperature. Thus, a key issue in the growth of InGaN is to obtain a high In mole fraction while maintaining good crystal quality. In the conventional MOCVD growth of n-GaN/InGaN/p-GaN structures, InGaN is subjected to unwanted high-temperature annealing (at a temperature ! 1100 C) at the step of temperature ramping for the high-temperature growth of pGaN, which results in indium evaporation. Consequently, the annealing would change the nominal composition of InGaN and cause the layer surface to be very rough, leading to an inhomogeneous In distribution.
It is well known that GaN grown on sapphire contains a high density of threading dislocations in the range of 10 9 to 10 10 /cm 2 due to a large difference in the lattice constant and thermal expansion coefficient between GaN and sapphire. Threading dislocations have been found to act as nonradiative centers in light-emitting diodes and scattering centers in electron transports which is detrimental to the performance of AlGaN/GaN high electron mobility transistors (HEMTs) and MODFETs.
Amano et al. and Iwaya et al. have shown that a series of low-temperature inter-layers produced at 500 C improves the crystalline quality of GaN, AlN, and AlGaN by reducing the density of threading dislocations. One such inter-layer is shown to reduce the density of threading dislocations by about one order of magnitude. Two orders of magnitude reduction is reported by using five inter-layers. 8, 9) In a previous report, we showed that the introduction of a low-temperature GaN (LT-GaN) layer between InGaN and p-type GaN prevents In evaporation from InGaN during the high-temperature growth of p-GaN and hampers the propagation of threading dislocations from InGaN into pGaN, leading to a reduction in the dislocation density in the p-GaN. 10) In this study, we have employed LT-GaN at the interface between InGaN and p-type GaN to prevent In evaporation during the temperature ramping and to reduce the propagation probability of threading dislocations instead of employing LT-GaN at the interface of n-type GaN and sapphire substrate. A good crystal quality of p-GaN can be obtained by reducing the dislocation propagation and dislocation density in the p-GaN layer. We have demonstrated that the density of dislocations in p-GaN is lowered by the introduction of LT-GaN at the interface of InGaN and pGaN resulting in the reduction of dislocation propagation into the InGaN active layer. From the analysis of experimental results, we attempt to clarify the role of the LT-GaN intermediate layer in the introduction of dislocation propagation.
Experiment
InGaN/LT-GaN layers were grown by counter-flow MOCVD designed for increasing the deposition efficiency of NH 3 used as a nitrogen source.
11) The growth was conducted at 400 Torr. A $30-nm-thick GaN nucleation layer was grown on (0001) sapphire at 500 C, and an undoped GaN layer was grown at 1120 C for 40 min. During the growth of the undoped GaN, the flow rates of NH 3 , TMG and H 2 were 4 slm, 60 sccm and 6 slm, respectively. An InGaN layer was then grown at 800 C for 20 min on the undoped GaN layer. The LT-GaN layer was grown at 750 C for 5 min which was followed by temperature ramping from C to 1100 C for the growth of a high-temperature ptype GaN layer. N 2 gas was used as a carrier gas for the growth of the InGaN, while H 2 gas was used as a carrier gas for the LT-GaN. During the growth of the InGaN, the flow rates of NH 3 , TMG, TMI and N 2 were 4 slm, 3 sccm, 400 sccm and 6 slm, respectively. Finally, a high-temperature p-GaN layer was grown on the LT-GaN layer after the temperature was stabilized at 1100 C. The thickness of Mgdoped p-GaN layer was 0.5 m. To investigate the effect of the LT-GaN on the diffusion profile of In doping in p-GaN, two different epi structures were grown, n-GaN/InGaN/pGaN and n-GaN/InGaN/LT-GaN/p-GaN. The growth conditions for p-GaN layers in both samples were the same.
The surface morphology of as-deposited and temperatureramped LT-GaN, was observed with atomic force microscope (AFM) images and compared to those of an asdeposited and temperature-ramped InGaN active layer. In order to measure the typical cross-sectional and plan view of transmission electron microscopy (TEM), the thin films were prepared by mechanical polishing and an Ar þ ion milling system with a liquid N 2 cold stage. TEM examination was performed in a JEM 2010 instrument operated at 200 kV. In order to investigate the depth profiles of In concentration, secondary ion mass spectrometry (SIMS) measurements were carried out at 3 kV using a CAMECA IMS 4f system. The secondary positive ion counts were carried out using the O þ 2 primary ion, and Au was coated to remove the charge effects.
Results and Discussions
C to 1100 C Fig. 1 . AFM surface images taken from InGaN samples (a) as-grown sample (b) after thermal annealing during temperature ramping from 750 C (LT-GaN) to 1100 C (P-GaN). The scan area is 4 m Â 4 m for both samples. As shown in (a), the as-grown surface without temperature ramping shows the traditional step-flow growth and flat surface images. However, the annealed surface after temperature ramping shows thermal re-flow and numerous pits due to In evaporation.
for the p-GaN growth. There are numerous surface pits in the annealed sample, which may be formed due to In evaporation at the temperature ramp step from 750 C to 1100 C. This unintentional annealing causes the thermal reflow of In and Ga atoms in the InGaN layer and changes the nominal composition of InGaN, resulting in inhomogeneous In distribution and surface pits due to In evaporation at the surface of the InGaN layer.
In order to investigate the effect of LT-GaN on In evaporation and the change of surface morphology, LT-GaN was deposited at 750 C for 5 min and annealed during the temperature ramping. As shown in Fig. 2(a) , the surface of the LT-GaN layer before anneal, is flat with numerous pits. The surface pit formation by the threading dislocation can also be confirmed from the traditional threading dislocation profile as shown in Figs. 3(a) and 3(b) . A comparison of the surface pit profiles ''a'' and ''b'' in Fig. 2(a) and Fig. 3 shows very similar surface pit profiles. That is to say, the surface pit profiles ''a'' and ''b'' correspond to the position of threading dislocation defects sites ''a'' and ''b''. Therefore, the surface pits are probably formed due to the propagation of threading dislocations. However the surface of LT-GaN after annealing [ Fig. 2(b) ] was rough and twodimensional lateral round-top island formation was observed. The surface pits are no longer observed at the surface of annealed LT-GaN. These results imply that the lateral thermal re-flow of In and Ga in the InGaN layer, vertical to the growth direction of InGaN, occured and that island formation occured during the temperature ramping. 12) Moreover, the propagation of threading dislocation bends over at the interface of InGaN/p-GaN under the previously mentioned lateral island formation.
Threading dislocation propagation
In order to investigate the role of LT-GaN on the propagation of dislocations, typical cross-sectional TEM (11 2 20) dark field images were measured on InGaN/GaN DH LED samples without and with LT-GaN layers. Figure 4 (a) Fig. 2 . AFM surface images taken from InGaN/LT-GaN samples (a) as-grown sample (b) after thermal annealing during temperature ramping from 750 C (LT-GaN) to 1100 C (P-GaN). The scan area is 4 m Â 4 m for both samples. The as-grown surface without temperature ramping shows the traditional step-flow growth and flat surface images, whereas the annealed surface after temperature ramping shows thermal re-flow and a rough surface with round-top islands.
shows a typical cross-sectional TEM (11 2 20) dark field image obtained from samples without the LT-GaN. There are a number of threading dislocations, propagating from InGaN to p-GaN. On the other hand, for the sample with LT-GaN as shown in Fig. 4(b) , it was observed that the LT-GaN layer effectively blocks the propagation of threading dislocations (as indicated by triangles). Figures 5(a) and 5(b) show typical plan-view TEM (11 2 20) dark field images of the samples without and with the LT-GaN layer, respectively. There are a number of defects in both samples. Measurements show that the dislocation densities are $1:47 Â 10 9 and $5:01 Â 10 8 cm À2 for the samples without and with the LT-GaN layer, respectively. This indicates that the LT layer effectively reduces the propagation of threading dislocations, as confirmed by previous cross-section TEM results. A similar defect filtering effect was observed in GaN layers with a LT-GaN interlayer. Investigation of stress and defect behavior in GaN showed that the insertion of a LT-GaN layer leads to a decrease in defect density. Fig.  3(a) , the as-grown InGaN/LT-GaN surface, without temperature ramping, shows threading dislocation propagation through the InGaN into the pGaN region. However, the surface of InGaN/LT-GaN shows that the propagation of threading dislocations is blocked by the reduction of lattice mismatch at the interface of InGaN/LT-GaN without and with the LT layer.
formation of two-dimensional lateral islands as shown in Fig. 2(b) and the generation of further defects is prevented by the formation of In x Ga 1Àx N alloy due to the relaxation of strain between InGaN and p-GaN.
Conclusion
We demonstrated that the introduction of LT-GaN onto InGaN prevented In-evaporation during the growth of pGaN and suppressed the propagation of threading dislocations from InGaN to p-GaN. Introduction of LT-GaN reduced the threading dislocation densities by the formation of two-dimensional lateral islands and the further generation of defects was prevented by the formation of In x Ga 1Àx N alloy due to the relaxation of the lattice mismatch between InGaN and p-GaN. LT-GaN played the following roles, 1) Prevention of In evaporation during the high-temperature pGaN growth in order to obtain high and uniform In 
